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The spin Seebeck effect (SSE) is known as the generation of ‘spin voltage’ in a magnet as a result of a
temperature gradient1-7. Spin voltage stands for the potential for spins, which drives a spin current8-11. The
SSE is of crucial importance in spintronics12-15 and energy-conversion technology, since it enables simple
and versatile generation of spin currents from heat. The SSE has been observed in a variety of materials
ranging from magnetic metals1 and semiconductors4 to magnetic insulators3,5. However, the mechanism, the
long-range nature, of the SSE in metals is still to be clarified2. Here we found that, using a Ni81Fe19/Pt
bilayer wire on an insulating sapphire plate, the long-range spin voltage induced by the SSE in magnetic
metals is due to phonons. Under a temperature gradient in the sapphire, surprisingly, the voltage generated
in the Pt layer is shown to reflect the wire position, although the wire is isolated both electrically and
magnetically. This non-local voltage is direct evidence that the SSE is attributed to the coupling of spins and
phonons. We demonstrate this coupling by directly injecting sound waves, which realizes the acoustic spin
pumping. Our finding opens the door to “acoustic spintronics” in which phonons are exploited for
constructing spin-based devices.
The conventional configuration of the spin Seebeck effect (SSE) in a ferromagnetic metal (FM) is
illustrated schematically in Fig. 1a1-7. The system comprises a millimetre-sized rectangular FM film and a
paramagnetic metal (PM) wire attached to the end of the FM. A uniform temperature gradient, T, is applied to
the FM layer along the x direction. If a spin voltage is generated in the FM, it injects a spin current with the spatial
direction Js and the spin-polarization vector parallel to the magnetization M of the FM film into the PM wire
(Fig. 1a). This injected spin current is converted into an electric field EISHE due to the inverse spin Hall effect16-21
(ISHE) in the PM wire. When M is along the T direction, EISHE is generated along the y direction because of the
relation16,20
EISHE = DISHEJs (1)
The ISHE efficiency DISHE is enhanced in noble metals with strong spin-orbit interaction, such as Pt18,21. Therefore,
by measuring EISHE, we can detect the SSE electrically.
The unsolved mystery of the SSE in FM is the long-range spatial distribution of the spin voltage1, an
astonishing feature which has fascinated many researchers. When the FM (e.g. Ni81Fe19) /PM system is placed in a
temperature gradient (Fig. 1a), the thermally generated spin voltage was found to appear over a millimetre scale in
the FM, a situation which appeared to be quite inconsistent with the common knowledge that a spin voltage
disappears within a very short distance called the spin-diffusion length22, typically a few to several hundreds of
nanometres in metals.
In this study, we show that the long-range feature of the SSE in FM is, unexpectedly, due to phonons.
We prepared a sample system consisting of a Ni81Fe19/Pt bilayer thin wire placed on a single-crystal insulator
sapphire substrate (Fig. 1b). This wire is completely isolated both electrically and magnetically since there are no
electric and spin carriers in the sapphire. Owing to this structure, only acoustic vibration, or phonons, can pass
through the substrate (Fig. 1d). Therefore, if SSE appears even in this sapphire/[Ni81Fe19/Pt-wire] structure, it will
become a conclusive proof for the existence of phonon-mediated mechanisms in the SSE in FM. We measured the
electric voltage difference V (SSE voltage) between the ends of the Pt layer of the sapphire/[Ni81Fe19/Pt-wire]
sample at 300 K with controlling the temperature difference T between the ends of the substrate and with
applying an external magnetic field H (with magnitude H) in the x-y plane at an angle to the x direction (Fig.
1c).
During the measurements, we confirmed a uniform temperature gradient using an infrared camera.
Figure 2a shows a temperature image of the sapphire/[two Ni81Fe19/Pt-wires] sample placed in a temperature
gradient. As plotted in Fig. 2b, the temperature distribution in the sapphire substrate has a linear profile along the x
direction. The inset to Fig. 2b shows that there are no temperature variations along the y direction in the substrate.
We also checked that this temperature distribution in the substrate is not changed by attaching voltage probes to
the sample (see Supplementary Information (SI) Sec. A).
Figure 2d shows the SSE voltage V as a function of T at H = 300 Oe in the sapphire/[Ni81Fe19/Pt-wire]
sample, measured when the Ni81Fe19/Pt wire was placed near the lower-temperature end of the substrate. When H
is applied along the x direction ( = 0), the V signal was found to appear and the magnitude of V is proportional to
T in the Ni81Fe19/Pt wire. In this set-up, Nernst-Ettingshausen effects23 in the Ni81Fe19 and Pt layers are
suppressed due to the collinear orientation of T and H. The inset to Fig. 2e shows that the V signal disappears
when the entire sapphire/[Ni81Fe19/Pt-wire] sample is uniformly heated to 300 ~ 320 K, confirming again the
absence of a heat flow in the z (normal) direction. When H is along the y direction ( = 90o), the V signal also
disappears, consistent with equation (1) (Fig. 2d).
Note again that the temperature gradient in the sapphire substrate is uniform and the Ni81Fe19/Pt wire is
isolated both electrically and magnetically. Nevertheless, as shown in Fig. 2e, the sign of V at finite values of T
is clearly reversed when the Ni81Fe19/Pt wire is placed near the higher-temperature end of the substrate. This
distinctive behaviour of V can never be explained by the conventional thermoelectric effects since the temperature
gradient is of identical sign and of same magnitude at every position of the sample (Figs. 2a and 2b).
To further buttress the above results, we measured the magnetic field H dependence of the SSE voltage
V for the same sapphire/[Ni81Fe19/Pt-wire] system. Figures 2f and 2g show V as functions of H for various values
of T in the Ni81Fe19/Pt wire at = 0, measured when the wire was placed near the lower- and higher-temperature
ends of the substrate, respectively. The sign of V at finite values of T is reversed by reversing H in both the
set-ups, when |H| > 200 Oe. This sign reversal of V corresponds to the magnetization M reversal of the Ni81Fe19
layer, a situation consistent with the aforementioned characteristic properties of the ISHE induced by the SSE 1
through equation (1). We confirmed that the V signal disappears both in the sapphire/[Ni81Fe19-wire] sample in
which the Pt layer is missing (Fig. 2h) and in the sapphire/[Ni81Fe19/Cu-wire] sample in which the Pt layer is
replaced by a same-thickness Cu film with weak spin-orbit interaction (Fig. 2i). These measurements confirm that
the V signal observed in the sapphire/[Ni81Fe19/Pt-wire] sample is attributed to the spin current injected into the Pt
layer.
To show how the V signal varies with changing Ni81Fe19/Pt-wire position on the sapphire, we attached
ten separate Ni81Fe19/Pt wires on the sapphire substrate and measured the SSE voltage V in the wires (Fig. 3a).
These wires are separated from each other far enough to cut electric and magnetostatic coupling between the wires.
As shown in Fig. 3b, in the sapphire/[Ni81Fe19/Pt-wire array] sample, V varies linearly with the position of the
Ni81Fe19/Pt wire; all the results show that the SSE appears even in the Ni81Fe19/Pt wire on the insulating sapphire
substrate in which the wire is completely isolated electrically and magnetically.
The only possible carrier of the position information in the present system is phonons. Since phonons
can pass through even an insulating substrate, the distribution function of magnons in the Ni 81Fe19 wire is
modulated by the nonequilibrium phonons through the magnon-phonon interaction6,24. This modulation activates
thermal spin pumping2,3,7 into the Pt layer (Fig .1d). Since phonons with low frequencies (less than ~ 20 THz: the
thermal-phonon-densest frequency at 300 K25) exhibit very long propagation lengths26, magnons in the Ni81Fe19
wire can be affected by the substrate temperature at positions far away from the wire, yielding the close to linear
dependence of the SSE voltage and the sign reversal of the voltage between the lower- and higher-temperature
regions of the sample, which is a characteristic behaviour of SSEs1-7. We formulate theoretically the
phonon-mediated SSE using a standard many-body technique (see SI Sec. B for details). The SSE voltage in the
present sample structure is described as
2SH B
p eff3
c
k eV RB T
w
(2)
where SH is the spin-Hall angle of Pt, c the electric conductivity of Pt, kB the Boltzmann constant, e (>0) the
elementary charge, w the width of the Pt wire, the Planck constant divided by 2 , p the phonon lifetime in the
substrate, eff the effective magnon-phonon coupling constant near the substrate/Ni81Fe19 interface, R the strength
of the magnetic coupling at the Ni81Fe19/Pt interface, and B a quantity related to the entropy of the
magnon-phonon coupled system (see SI Sec. B), respectively. Equation (2) indicates that the SSE voltage in the
present set-up is proportional to p in the substrate and the parameter eff2. As also shown in SI Sec. B in detail,
eff is maximized when the characteristic acoustic impedance26 Z vp, where is mass density and vp is sound
velocity, of the substrate is equal to that of the FM layer.
To confirm this acoustic mechanism further, we measured the voltage V in a glass/[Ni81Fe19/Pt-wire
array] sample where the single-crystal sapphire substrate (Z ~ 41 106 kg/m2s) is replaced with a same-sized
silica-glass substrate (Z ~ 13 106 kg/m2s) in which the phonon lifetime is very short and the characteristic
acoustic impedance is significantly different from that in Ni81Fe19 (Z ~ 48 106 kg/m2s). In the glass substrate, the
uniform temperature gradient is generated, which is confirmed to be same as that in the sapphire system (compare
temperature profiles in Figs. 3d and 3e). Nevertheless, the V signal disappears in the glass/[Ni81Fe19/Pt-wire array]
sample, confirming the important roles of the phonon propagation in the substrate and the
acoustic-impedance-matching condition between the substrate and the Ni81Fe19 layer (compare Figs. 3b and 3c).
Finally, to demonstrate that the aforementioned magnon-phonon coupling allows phonons to generate a
spin current, we injected directly a sound wave into a magnet to observe acoustic spin pumping:
sound-wave-driven generation of spin currents. To extract the pure contribution of the magnon-phonon interaction,
we employed an insulating magnet Y3Fe5O12 (YIG) slab as a spin-current injector, where the
conduction-electrons contribution is completely excluded, instead of Ni81Fe19. Figure 4a shows the set-up for this
experiment. The YIG slab is covered with a Pt film and is fixed on a piezoelectric actuator: a
polyvinylidene-fluoride (PVDF) film or a lead-zirconate-titanate (PZT) ceramics with different piezoelectric
resonance frequencies fp (see the inset to Fig. 4c). By applying an AC voltage with the frequency f (< 10 MHz)
across the actuator, we can inject a longitudinal sound wave into the YIG slab. If the sound wave activates
magnetic precession via the magnon-phonon coupling, it creates a spin current into the Pt layer and generates a
DC voltage along the x direction due to the ISHE in the Pt, when the magnetization M of the YIG (|| in the Pt) is
along the y direction (see equation (1) and Fig. 4b).
Figure 4c shows the f dependence of the DC voltage V between the ends of the Pt layer in the
Pt/YIG/PZT samples for various values of the piezoelectric resonance frequency fp of the PZTs, measured with
applying the AC voltage to the PZTs and the magnetic field H of 1 kOe along the y direction ( = 90o). In Fig. 4c,
the fp positions are marked with arrows and the values of V are normalized by the power of the applied AC voltage.
In each Pt/YIG/PZT sample, a sharp V dip of negative sign appears clearly around each fp. Since the values of fp (<
10 MHz) in the present samples are far below ferromagnetic resonance (FMR) frequencies 10 (~ GHz), the V
signals observed here are irrelevant to conventional elastically-driven FMR27-29.
To confirm that the observed V dip is also irrelevant to extrinsic heating of the piezoelectric actuator, we
compared the f dependence of V in the Pt/YIG sample with that of the temperature rise of the actuator Tp. To this
end, we used the PVDF film instead of the PZT, since the PVDF gives rise to measurable Tp, which
monotonically increases with increasing f (Fig. 4e). We found that, in the Pt/YIG/PVDF sample, the V signal of
positive sign appears in the higher frequency region (f > 5 MHz) and the shape of the f-V curve is similar to that of
the f- Tp curve (compare Figs. 4d and 4e), indicating that this background of positive sign in the V spectrum is
attributed to the conventional SSE due to the heating of the PVDF film, consistent with the previous experiments
on the longitudinal SSE in Pt/YIG systems5. In contrast, the sharp dip structure of negative sign appears in the
Pt/YIG/PVDF sample, although Tp is negligibly small around the V-dip position (Figs. 4d and 4e). Because of
this different sign, the V-dip signal is irrelevant to the conventional SSE (see SI Sec. C).
Figure 4f shows the H dependence of V in the Pt/YIG sample at the V-dip position for various values of
the AC-voltage amplitude. When the finite AC voltage is applied, the sign of V is clearly reversed by reversing H.
We also confirmed that the V signal disappears in the Pt/YIG sample at = 0 and in a Cu/YIG sample, where the
Pt layer is replaced by a Cu film with weak spin-orbit interaction, consistent with equation (1) (see the inset to Fig.
4d). These results indicate that the observed V dips are due to the ISHE in the Pt layer driven by the acoustic spin
pumping, which is direct evidence for the phonon-mediated process in the spin-current generation at far below the
FMR frequencies.
The acoustic mechanism observed in the present study can be responsible for the long-range feature of
the SSE in metals. For instance, in the previously-reported SSE in conventional Ni81Fe19-film/Pt-wire systems1,
the phonon-mediated process through the Ni81Fe19 film can explain the long-range spin voltage in the Ni81Fe19.
The SSE-induced ISHE voltage in the conventional Ni81Fe19-film/Pt-wire system is one order of magnitude
greater than that observed in the present sapphire/[Ni81Fe19/Pt-wire] sample1, a situation explained by the fact that
the path of phonons in the sapphire/[Ni81Fe19/Pt-wire] sample is limited to the substrate. The acoustic mechanism
provides a new route for collecting heat energy from vast bulk to generate spin and electric voltage. Therefore, the
acoustic spin-current generation will develop an innovative design concept for spintronic and energy-saving
devices in which phonons are combined with spin currents, paving the way to acoustic spintronics.  
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